Poly[oligo(ethylene oxide)] based gradient and random copolymers with different compositions are synthesized via Cu-based atom transfer radical polymerization. The solubility behavior of these copolymers in pure water and in the presence of different salts, surfactants and ethanol is investigated. According to dynamic light scattering results, the lower critical solution temperature (LCST) depends on the structure of the copolymer and changes slightly in the presence of additives. Good cosolvents like ethanol can increase the LCST through dissolving the collapsed copolymer chains to some extent. The same effect is observed for surfactants that make the copolymer solution more stable by preventing aggregation.
Introduction
POEOMAs are nonlinear poly(ethylene oxide) (PEO) or poly(ethylene glycol) (PEG) analogues. They can be up to 85 wt% composed of ethylene oxide units (EO), and therefore are water soluble and biocompatible in most cases. POEOMAs combine both the properties of PEG and poly(N-isopropylacrylamide) (PNIPAM) in a single macromolecule and therefore are considered as ideal structures for use in biomedicine. The LCST of these polymers does not depend much on the solution concentration in water (above approx. 1 g L À1 ), which is an important factor for application in biotechnology. Moreover, being produced from a commercially available monomer, POEOMA containing polymers are favorable to be used as smart biomaterials in biosensors, artificial tissues, smart gels for chromatography and hyperthermia-induced drug delivery. For POEOMAs, the phase transition temperature depends slightly on the molecular weight, main-chain end-groups, tacticity and ionic strength. However, the changes in LCST are generally rather small. [1] [2] [3] [4] [5] For a long time, PNIPAM has held the title of ''gold standard'' for thermoresponsive polymers in bio-application due to its LCST of 32 1C, which is close to the physiological temperature. However, POEOMAs can exhibit an adjustable LCST between 26 and 90 1C by simple copolymerization of OEOMAs with different amounts of EO in the side chain. The LCST can be precisely adjusted by the copolymer composition considering that the comonomers have a similar structure containing a methacrylate moiety and ethylene oxide units. 1, 6 Moreover, the phase transition of these copolymers is reversible, in comparison to PNIPAM which shows an irreversible phase transition. 4, 7 The solubility behavior of PNIPAM also shows a significant dependency to its end group. 8 Furthermore, the presence of the amide group at the side chain of PNIPAM might cause hydrogen bonding with other polyamides like proteins and result in bio-adhesion. 9 PNIPAM also produces low molecular weight amines during hydrolysis which complicates its use in biotechnological applications. 10 The outstanding solubility behavior of POEOMA is due to its hydrogen bonding with water and lack of strong polymerpolymer interactions in the collapsed state. Like PNIPAM, the phase transition of POEOMA is attributed to the competition between hydrophilic polymer-water interactions and hydrophobic polymer-polymer interactions. At temperatures below the LCST, polymer-water interactions are thermodynamically favorable which makes the polymer soluble in water. Above LCST, the polymer-polymer interactions become more favored which results in the self-aggregation of the polymers and phase transition in the form of globules or micelles depending on the structure of the POEOMA copolymer. 1, 3, 11 Maeda et al. discovered that both CQO and C-H groups are hydrated in poly di(ethylene oxide) methyl ether methacrylate (PMEO 2 MA) aqueous solution, but due to the crowded position of the carbonyl groups near the backbone, only about half of these moieties are hydrated. By increasing the temperature above LCST, the fraction of hydrogenbonded carbonyl groups decreases. Moreover, the complete breakage of the H-bond between the ether oxygens with water is reported. The fraction of hydrogen-bonding methoxy oxygens changes from one below LCST to zero after LCST. These results indicate that the hydrogen bond breakage is the main reason for phase separation of POEOMAs. 12, 13 A similar behavior is observed for the solubility of P(MEO 2 MAstat-OEGMA 475 ) copolymers in D 2 O which shows a sharp change in the hydrodynamic radius at the LCST and a gradual change above LCST. The phase transition of P(MEO 2 MA-stat-OEGMA 475 ) occurs due to multiple chain aggregation without pre-connection of individual polymer chains. Self-aggregation of P(MEO 2 MA-stat-OEGMA 475 ) is mainly based on the conformation change of ethylene oxide side chains. They first collapse to be near the hydrophobic backbone and then distort to bring hydrophilic ether oxygen groups to the ''outer shell'' of polymer chains as far as possible. As a result of disturbance in the balance between hydrophobic and hydrophilic interactions, the single dehydrated polymer chains aggregate into more stable micelles and cause a sharp change below LCST. 3 The P(MEO 2 MA-stat-PEGMA 2080 ) copolymer in aqueous dilute solution undergoes a similar phase separation mechanism. However, compared to other random copolymers of MEO 2 MA and OEOMA, this copolymer shows a weird two stage thermally induced phase separation. Instead of loose aggregates formed at the phase transition, the copolymer chains associate at the first thermal transition, followed by a rearrangement process at the second thermal transition to form stable micellar structures consisting of a methacrylate core stabilized by the longer ethylene oxide chains at the shell. 14 A more detailed study shows four conformation changes: ''unimers-clusters-micelles-aggregates'' during the two-step phase transition. Like other POEOMAs, the dehydration of the long hydrophilic ethylene oxide side chains takes place before the dehydration of carbonyl groups and backbones during the whole phase transition process. Therefore, the driving force of the phase transition of P(MEO 2 MA-stat-PEGMA 2080 ) should be the hydration changes of the side chains. However, detailed FT-IR analysis reveals that the peculiar behavior in the phase transition process could be attributed to the complex transition between hydrated CQO, semi-dehydrated CQO and dehydrated CQO. 15 A two-step phase transition is also observed by Yao and Tam 16 for the behavior of PMEO 2 MA-block-(PMEO 2 MA-stat-POEGMA 300 ) block copolymers. They observed that by changing the ratio of MEO 2 MA/OEGMA 300 from 80/20 to 70/30 the copolymer's solution behavior changes from showing one thermal transition to two. A similar phenomenon has also been observed by Gibson et al. 17 for the mixture of two POEGMA chains with different molecular weights. The independent phase transitions are described by the weak molecular weight dependence of the polymers' cloud point.
By increasing the number of blocks, Kudo et al. 18 observed a multi-step phase separation for the hexa-block copolymer P[MEO 2 MA-block-(MEO 2 MA-stat-OEOMA)]. They synthesized this hexa-block by semi-batch RAFT polymerization with the addition of more OEOMA every two hours and therefore, the concentration of OEOMA in the reaction flask increased in batches, not gradually. Upon sequential dehydration, each block of the hexa-block copolymer showed its own temperature responsive behavior. The thermoresponsivity in each step was reversible with 2 1C hysteresis. Overall, the behavior of the block copolymer showed slight similarity to gradient copolymers. To the best of our knowledge, this is the only study mentioning the solubility behavior of gradient POEOMA copolymers with a similar comonomer structure.
Studies on the solubility behavior of gradient copolymers consisting of a hydrophilic and a hydrophobic monomer show that the solubility behavior changes drastically, depending more on the interaction of the comonomers with water and their hydrophobicity rather than their sequential order in the copolymer structure. 19, 20 On the other hand, the thermal phase transition of other temperature responsive gradient copolymers consisting of monomers with similar chemical structure and therefore, similar hydrophobicity has shown considerable differences from the respective random and block copolymers and dependent on their sequential order in the gradient structure. This characteristic makes such gradient copolymers a great potential in biomimetic applications. [21] [22] [23] [24] [25] [26] [27] [28] [29] Various studies are done on the effect of additives on the solubility behavior of thermoresponsive polymers [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] including POEOMAs, [40] [41] [42] [43] [44] but so far there is no comprehensive study to compare the effect of different additives on the phase transition of thermoresponsive copolymers with different structure.
In this study, the synthesis of gradient copolymers of MEO 2 MA and OEOMA via semi-batch ATRP is investigated. The injection procedure of the second monomer (OEOMA) is optimized to reach the best sequence control and gradient structure. Moreover, the solubility behavior of gradient and random copolymers with different compositions as well as their behaviors in the presence of various additives are compared. As additives, different anions and cations, as well as ethanol as an organic polar solvent and sodium dodecyl sulfate SDS (anionic surfactant) and cetyltrimethylammonium bromide CTAB (cationic surfactant) are used and the effects on the solubility behavior of random and gradient copolymers of MEO 2 MA and OEOMA are investigated.
Knowledge of the copolymer's responsivity towards different additives is essential for in vivo applications, as well as separation and membrane technology. 37, 45 While adjusting the phase transition behavior of POEOMAs by changing the structure seems to be expensive, time consuming and complicated, an easier way to alter the dynamic thermal transition is by addition of small amounts of additives to the system.
Experimental

Materials
The monomers, di(ethylene oxide) methyl ether methacrylate (MEO 2 MA) (Aldrich, 95%) and oligo(ethylene oxide) methyl ether methacrylate (OEOMA) (Aldrich M n = 500), were purified by passing them through a basic alumina column to remove the inhibitors. The catalyst copper(I) bromide (CuBr) (Sigma-Aldrich 4 98%) was purified by mixing with glacial acetic acid, followed by filtration. It was further washed three times with absolute ethanol and two times with diethyl ether. The colorless solid product was dried overnight under vacuum at room temperature and was stored under nitrogen. The initiator, ethyl a-bromoisobutyrate (EBiB) (Sigma-Aldrich 98%), the ligands, 4,4 0 -dinonyl-2,2 0 -dipyridyl (dNbpy) (Alfa Aesor 97%) and N,N,N 0 ,N 00 ,N 00 -pentamethyl diethylene triamine 99% (PMDETA) (TCI 98%), the reaction solvents, anisole (Merck 99%) and ethanol (Acros 99.5%) as well as other chemicals were used as received without further purification.
Homopolymerization and random copolymerization of MEO 2 MA and OEOMA via ATRP For a general ATRP reaction, CuBr and a magnetic stirring bar were added to a 50 mL two necked flask connected to a condenser and Schlenk line. The reaction flask was then evacuated and backfilled with nitrogen at least three times and kept for each repetition at least 15 min under vacuum. The monomer and the initiator were added to a 50 mL Schlenk flask. The solvent and the ligand were added to another 50 mL Schlenk flask. The liquids were degassed via three freeze-pump-thaw cycles and kept under nitrogen. The solvent and the ligand were afterwards added to the reaction flask containing CuBr via a degassed airtight syringe and mixed for half an hour until the CuBr/ligand complex was formed. The monomer and the initiator were added afterwards with a degassed airtight syringe and the reaction started by placing the reaction flask in a preheated oil bath at 60 1C. The reaction proceeded under nitrogen flow. Samples were withdrawn with a degassed syringe at defined time intervals for kinetic studies. The reaction was stopped by opening the flask to air and cooling it in an ice bath. The reaction solution was diluted with tetrahydrofuran and passed through a neutral aluminum oxide column to remove the catalyst. The extra amount of solvent was removed via a rotary evaporator. The polymer was purified by precipitating the concentrated polymer solution in cyclohexane and dried under vacuum overnight.
The procedure for random copolymerization was similar to homo-polymerization; instead of a single monomer, two different monomers (MEO 2 MA and OEOMA) with a defined molar ratio were added depending on the planned copolymer composition.
Gradient copolymerization of MEO 2 MA and OEOMA via ATRP Gradient copolymerization was performed with a [M] 0 : [I] 0 : [Cu I ] 0 : [L] : of 100 : 1 : 0.5 : 1 (where [M] 0 is a mixture of MEO 2 MA and OEOMA with a defined molar ratio) using PMDETA as the ligand and anisole as the solvent (Fig. 1 ). In the procedure of optimization of the injection program, the aspired ratio of two monomers was chosen to be [MEO 2 MA] : [OEOMA] : 80 : 20. It was subsequently changed according to the desired composition.
To achieve the gradual composition of the product, a programmable single syringe pump was used. The injection procedures differed in the overall injection time as well as the number of steps and the injection volume of each step of gradual addition of OEOMA to the reaction solution. The injection programs are shown in Fig. S1 (ESI †). They were calculated for the given injection volume and injection time with an increasing injection speed in order to Fig. 1 The reaction scheme of gradient copolymerization of MEO 2 MA and OEOMA via ATRP at 60 1C with CuBr as catalyst, PMDETA as ligand and anisole as solvent and the addition procedure of different reagents for gradient polymerization; M assigns for equivalent of MEO 2 MA and O for OEOMA. The graph of injection speed versus time belongs to the injection program (I). Other injection programs tried in this study are represented in ESI. † compensate the increasing viscosity of the reaction solution and the decreasing reaction rate. Based on the results of the first syntheses, the injection program was adjusted to achieve the gradient copolymer with desired composition and good gradient quality. The effect of the injection procedure on the copolymer structure will be explained later. In order to avoid the very fast reaction at the beginning due to the high concentration of the catalyst, the CuBr/L complex and the reaction solvent are divided into two different monomer flasks with the same equivalent ([M] 0 : [Cu I ] 0 : [L] of 100 : 0.5 : 1). This also helps to keep the ratio between catalyst/ligand and monomer constant during the reaction. To prevent a reaction in the syringe, the whole amount of initiator is added at the beginning to the reaction flask. Fig. 1 also shows the addition procedure of the different reagents. In general, the reaction procedure is as mentioned before for homopolymerization, with an extra step of monomer solution preparation. The reaction flask was prepared and afterwards charged with MEO 2 MA, while another flask of OEOMA was prepared in a similar way (without initiator). MEO 2 MA and the initiator were not added to the CuBr solution before the reaction started but degassed separately.
Both flasks containing CuBr were degassed via evacuation and backfilling with nitrogen as mentioned before. The mixtures of liquids were degassed via three freeze-pump-thaw cycles. To dissolve the solids and build up the copper complex, solutions C (anisole and PMDETA, the equivalent amount for MEO 2 MA) and E (anisole and PMDETA, the equivalent amount for OEOMA and the monomer OEOMA) were added to flask A (containing CuBr, the equivalent amount for MEO 2 MA) and D (containing CuBr, the equivalent amount for OEOMA) respectively and mixed for 30 minutes. The reaction was started by adding MEO 2 MA and EBriB from flask B to the reaction solution A and immersing the flask into an oil bath (T = 60 1C). The injection program of the OEOMA solution was started simultaneously. The reaction was quenched as described for homopolymerization before and the final product was purified by column chromatography and precipitation in cyclohexane.
Analytics
Size exclusion chromatography (SEC). SEC was used to obtain the products' molecular weight and size distribution. The measurement was performed on a system PSS Agilent Technologies 1260 Infinity including a pre-column (8 mm Â 50 mm) and three analytical columns (mesh size 1 Â 30 Å and 2 Â 1000 Å) with a polyester copolymer network (GRAM) as the stationary phase, SECcurity auto-injector and an isocratic SECcurity pump. The elugrammes were recorded by a refractive index and a UV-Vis detector, working at a wavelength of 280 nm. The system was operated using WinGPC Unichrom software.
A 0.1 M solution of lithium bromide (LiBr) (Acros Organics) in N,N-dimethylacetamide (DMAc) (HPLC Optigrade, Promo-chem) with a flow rate of 1.0 mL min À1 at a temperature of 50 1C was utilized as the eluent. Methyl benzoate was added as the internal standard to the analyzed polymer solutions which had a polymer concentration of 2 mg mL À1 . The injection volume was 100 mL.
For determination of the relative MWs and Ð-values, the system was calibrated with narrowly distributed PMMA standards with molecular weights between 2.2 and 1190 kDa. 1 H NMR. For the determination of the monomer conversion in the ATRP polymerization as well as the composition of copolymers, 1 H NMR was used. The NMR experiments were conducted on a Bruker Avance II 400 MHz spectrometer at 300 K with Bruker TopSpin Software. For a typical 1 H NMR spectrum, 16 scans were recorded, and a relaxation delay of 5 s was applied. Solutions were measured in CDCl 3 at concentrations of E20 g L À1 . The internal solvent signal of CDCl 3 was used as the reference (d = 7.260 ppm). The spectra were analyzed with the software MestReNova 7.1. Dynamic light scattering (DLS). The thermoresponsivity of the polymers was studied via DLS. DLS measurements were performed using an ALV/CSG-3 Compact Goniometer System with an ALV/LSE-7004 multiple tau digital correlator working with pseudo cross correlation and the ALV Digital Correlator Software 3.0 (ALV-GmbH, Langen, Germany). All of the measurements were performed at an angle of 901 and the measurement duration was 120 s with a post wait time of 10 s. A Nd:YAG laser emitting at 532 nm was used as a light source. The viscosity and refractive index of the solvent were automatically corrected by the DLS software according to the temperature. For measurements with ethanol as the additive, extra correction on the viscosity and refractive index was done based on the solvent mixture. [46] [47] [48] [49] In the case of salt solutions, since the change in viscosity and refractive index after salt addition was very small, no further correction has been done.
The polymer solutions were prepared with a concentration of 1 mg mL À1 and were shaken overnight to ensure complete dissolution. Each solution was filled in a dust-free glass tube through a microporous regenerated cellulose filter with an average pore diameter of 200 nm. The DLS samples were let to rest at least 1 h prior to measurement in order to ensure that the possible dust particles present in the system settle and not interfere with the measurement. To investigate the effect of different additives, the solution of a certain additive with an exact concentration was prepared beforehand and added to the polymer instead of pure solvent.
Temperature-dependent DLS measurements were performed at temperature steps of 2 1C with 3 runs per temperature, except for more detailed measurements which were done with 1 1C temperature steps. A Julabo F25 thermostat functioning with a mixture of water and ethylene glycol with a temperature accuracy of 0.01 1C was used as a heating system. There was a 3 min time interval for the stabilization of the temperature prior to each measurement.
A MATLAB program was used to analyze the electric field autocorrelation functions g 1 (q,t) by means of a cumulant fit up to the second order for a monomodal distribution, eqn (1),
A is the amplitude, G is the average decay rate, t is the time, m 2 is the second moment, and m 2 G 2 presents a measure of the relative width of the size distribution (particle size dispersity, PSD):
where q is the absolute value of the scattering vector, n is the refractive index of the solvent, y is the scattering angle, and l 0 is the vacuum wavelength of the laser. The hydrodynamic radius was calculated from the Stokes-Einstein equation.
where k B is the Boltzmann constant, T is the temperature, Z is the solvent viscosity and D is the apparent diffusion coefficient, respectively. 50
Results and discussion
Controlled radical polymerization (CRP) techniques like ATRP provide versatile routes for macromolecular engineering such as synthesis of tailor-made polymers with controlled chainlength, dispersity, functionality, composition and architecture. Moreover, the polymers synthesized via CRP have a reactive end group which could be used in further end functionalization or even as a macroinitiator for new polymerization. 1 The first polymerization of an OEOMA via ATRP was carried out by Armes et al. in aqueous medium. But the high polarity of water makes it very complicated to control the reaction. 51 In early studies, Ishizone et al. also synthesized various poly[oligo(ethylene glycol) methacrylate]s using living anionic polymerization. They studied the effect of methyl, ethyl, vinyl and hydroxyl end groups, as well as the number of ethylene oxide moieties in the side chain, on the polymers' solubility in water and organic solvents. 5, [52] [53] [54] ATRP as a synthesis route is advantageous compared to anionic polymerization due to its flexibility and simpler reaction conditions. Moreover, the prospects of obtaining new structures like gradient, random or star copolymers are higher via ATRP. It is worth mentioning that the precise dependency of LCST on the copolymer composition could only be observed for copolymers prepared by controlled polymerization techniques. In a conventional free radical polymerization, the chains can present a strong chain-to-chain deviation of composition, which results in different phase transitions. 1, 37 The synthesis route of this research is an optimized work based on the research of Lutz et al. 55 and Matyjaszewski et al. 6 Lutz et al. reported a well-controlled ATRP of OEOMAs in pure ethanol. The polarity of ethanol establishes fast polymerization kinetics, 55 but since OEOMA monomers have a slight polarity, their polymerization can also be successfully done in apolar solvents like anisole as reported by Matyjaszewski's group. 6 For selecting the best reaction conditions for ATRP gradient polymerization of OEOMAs, first the homopolymerization of MEO 2 MA was optimized. Several test reactions with different solvents, ligands and reaction times were conducted. Samples were taken at defined time intervals and analyzed via NMR and SEC.
The NMR spectra of the MEO 2 MA monomer and its changes during polymerization are plotted in Fig. S2 (ESI †) where the calculation of monomer conversion is explained as well. To analyze and compare the control over different reaction systems, in Fig. 2(a) the semi-logarithmic plot of monomer conversion i.e. ln([M] 0 /[M]) is plotted versus reaction time. The reaction time is 100 min for all reactions, except for the solvent ethanol and the ligand PMDETA, which is stopped after 80 min View Article Online due to its higher rate. The semi-logarithmic plots are linear for all of the polymerizations indicating that the polymerization rate is proportional to the monomer concentration (first order polymerization with respect to monomer) and moreover, the radical concentration is constant during the polymerization, according to. 5,51,56
The highest slope in the semi-logarithmic plots is observed for the ethanol and PMDETA system showing the highest apparent reaction rate with lower control over polymerization compared to the other systems.
The best control over polymerization is observed when using anisole as a solvent and PMDETA as a ligand. In comparison to anisole, the polymerization in ethanol is faster and less controlled. This could be explained by the relative polarity of ethanol (0.654) which is higher than anisole (0.198); (relative polarity, normalized from measurements of solvent shifts in absorption spectra). 57 Among different solvents used to conduct ATRP, good control mostly resulted from bulk polymerization or using nonpolar solvents, while using polar solvents especially water, often leads to limited control over polymerization and poor livingness and the reaction is incredibly fast. 58, 59 Wang and Armes suggested that, by increasing the solvent polarity, a higher concentration of mononuclear copper catalyst is produced which increases the radical concentration and the polymerization rate. As a result, the molecular weight distribution is broadened distinctly. 51 According to other studies, increasing the solvents' polarity increases the k act while decreasing k deact with approximately the same ratio: Dlog k act E ÀDlog k deact . Therefore, changing to a more polar solvent increases K ATRP since K ATRP = k act /k deact and results in overall faster and less controlled polymerization. [59] [60] [61] [62] [63] Furthermore, the solvent effect on the Cu ions' redox potential appears to be higher for complexes of copper with ligands having high degrees of freedom, compared to more rigid structures. 59 Moreover, by increasing the number of coordination sites of a ligand, the redox potential of its copper complex increases. 62 Comparing the ligands that are used in this research, PMDETA has the highest redox potential considering the fastest polymerization in both ethanol and anisole. Incidentally, the reaction with PMDETA in anisole is still well controlled based on its first order kinetics and SEC results.
The SEC results of different reaction conditions (Fig. 2 ) and summarized information (in Table 1 ) prove the good control over polymerization and low Ð for all systems excluding the polymerization using ethanol as a solvent and PMDETA as a ligand. The above-mentioned system shows a small shoulder at higher molecular weights which is related to faster activation than deactivation reaction in ATRP equilibrium and therefore a small portion of bimolecular termination close to the end of the reaction. The addition of Cu II Br or decreasing the Cu I Br concentration does not help to decrease the propagating radicals' concentration and improving the control over polymerization noticeably. Table 1 shows that the apparent molecular weights of the polymers synthesized in anisole are in good agreement with the theoretical calculation, while for the polymers synthesized in ethanol the molecular weights achieved are slightly lower than from theoretical calculations which is in agreement with previous studies. 6 A possible explanation for such behavior is the chain transfer reaction to solvent due to the higher reactivity of ethanol than anisole. Such a chain transfer reaction to solvent was also indicated in previous ATRP studies. [64] [65] [66] Among the test polymerizations conducted, the one in ansiole using PMDETA as a ligand shows a very good control over the reaction while being fast. Considering the fact that less molar amount of PMDETA is needed to provide a good control compared to dNbyp and the easier way of handling such small amounts (because PMDETA is liquid while dNbyp is solid) the final choice was to carry out ATRP polymerization of MEO 2 MA and further copolymerizations in anisole using PMDETA as a ligand.
The shift of SEC peaks over time as well as the growth of molecular weight vs. conversion for the anisole and PMDETA system are plotted in Fig. S4 (ESI †) . Above a conversion around 0.3, the molecular weight increases linearly with conversion and it's in agreement with the theoretical prediction.
The fast increase of molecular weight at the beginning is explained due to the low deactivator concentration which results in rapid early growth of a small amount of polymer chains. The polydispersity decreases at the beginning and then remains constant during the reaction, indicating a fast exchange between active and dormant species. According to the SEC results in Fig. S3 (ESI †), the narrow SEC peaks are shifted gradually to higher molecular weights which indicates that termination and chain transfer reactions are not happening since neither a high molecular tail nor a shoulder is observable. Thus, the PMDETA-anisole system provides the desired characteristics of high initiation efficiency, low dispersity, and a moderate apparent polymerization rate which is in accordance with the literature. 56 This system should permit fast initiation, fast deactivation of the propagating radicals by Cu II species, and reduced side reactions of the P n -Br growing chains formed by halogen exchange, thereby providing a good control during ATRP. 56 Random and gradient copolymerization of MEO 2 MA and OEOEMA Since MEO 2 MA and OEOMA differ only in the side chain, therefore, their reactivity ratios are very similar. This is also proven by very similar ATRP kinetics of these monomers under similar reaction conditions as can be seen in Fig. S4 and S5 in the ESI. † Therefore, forced gradient copolymerization could be an optimal synthesis route to prepare gradient copolymers of MEO 2 MA and OEOMA. This technique involves a semi-batch reaction, in which one of the monomers is added continuously from an external reservoir, via a syringe pump into the polymerization mixture. The forced gradient method with living polymerization allows precise synthesis of gradient compositions with high sequence control. 21 To follow the change of the copolymer structure during the reaction, the copolymers' compositions were studied by NMR spectroscopy. The NMR spectra as well as the calculation of the copolymers' compositions are provided in the ESI † ( Fig. S6 and S7) . The calculated copolymer composition for a random copolymer of MEO 2 MA and OEOMA with a designed composition of EO 2 MA : OEOMA is plotted in Fig. 3 . The composition remains constant during the reaction which shows a perfect random copolymerization of the two monomers. 38 Since the reactivity ratios of the two monomers are very similar, a gradient copolymerization in a batch system is impossible, 67 as also proven by the perfect random copolymerization of the two monomers in a batch system (Fig. S4, ESI †) . Therefore, gradient copolymerization was done via ATRP semi-batch polymerization. Three different injection programs (P1-P3) were used in this work to inject the OEOMA solution to the reaction system. In all programs, the injection speed was increased stepwise during the reaction leading to the parabolic curve of the injected volume against time. The reason for injecting OEOMA to the system is its lower ratio in the copolymer's desired composition compared to MEO 2 MA and its higher viscosity. Since the two monomers have almost the same structure and they differ only at the side chain, their reactivity ratios are the same and almost equal to one. The similar reactivity ratios of MEO 2 MA and OEOMA make it easier to adjust the injection program according to the desired composition.
In the first synthesis (P1), the injection was carried out for the first 80 min of the total reaction time of 100 min. In the second synthesis (P2), the starting injection speed was decreased to 30% while the injection time was reduced to 70 min of the overall reaction time of 100 min leading to a steeper injection volume curve. The third reaction (P3) was done like the first one (injecting for 80 min of 100 min reaction time) but with 30% higher starting speed and less injection steps which changes the injection volume curve toward a linear graph.
The composition development during the three polymerizations is shown in Fig. 4 . The plots of all syntheses show a gradual, almost linear increase of OEOMA and decrease of MEO 2 MA in the copolymer composition which indicates a gradient structure for all systems. For syntheses of P1 and P2, the change in composition at the beginning of the reaction is very small which led us to increase the starting injection speed for the last reaction. It should also be noted that for both P1 and P2, the aspired copolymer composition (OEOMA : MEO 2 MA of 80 : 20) was not achieved. The final composition is 87 : 13 for P1 and 85 : 15 for P2. In the last reaction P3, a perfect linear graph of composition vs. time is observed and the copolymer reached the desired composition.
The developments of the composition qualitatively follow the injection program. Since the chain growth is directional with only one active end, the increasing incorporation of OEOMA during the reaction indicates an increasing OEOMA concentration from one chain end to the other. Hence, the synthesized polymers exhibit the aspired gradient structure.
A direct conclusion about the kinetics or the control over the reaction is difficult because of the continuous injection of the monomer. A kinetic study of polymerization control via conversion calculation is hence not possible. However, the implied high control over the reaction is reflected in the SEC analysis and the molecular weight development (see Fig. S2 , ESI †). Furthermore, the molecular weight change for gradient and random copolymerization versus time is linear showing a good controlled polymerization. The lower molecular weight for gradient copolymer is due to the lower concentration of OEOMA during reaction, which results in a slightly slower growth of molecular weight as explained in SI. The molar amount of OEOMA incorporated in the gradient and random copolymer chains are proven to be the same by NMR.
Solubility study of PMEO 2 MA homopolymer and random and gradient copolymers of MEO 2 MA and OEOMA in water
To investigate the solubility behavior of a temperature responsive polymer, mostly turbidimetry is used, which gives good information about the cloud point; but it cannot explain the Fig. 3 The composition change for random copolymerization of two monomers with the ratio of MEO 2 MA : OEOMA = 80 : 20. transition procedure well. By using DLS, we were able to follow the changes in the particle size, size distribution and scattering intensity, and therefore, study the solution behavior in more detail. Fig. 5 shows the solubility behavior of PMEO 2 MA as well as the solubility behavior of a random and a gradient copolymer of MEO 2 MA and OEOMA with approximately 20 mol% OEOMA in a dilute water solution. As seen in the graph, both normalized scattering intensity (I) and hydrodynamic radius (R h ) Fig. 4 The composition development during the first ATRP gradient copolymerization (injection program P1-P3). increase sharply above LCST, then they increase gradually to reach a maximum and then decrease very slowly (the red graph). The amphiphilic structure of PMEO 2 MA is the reason for its thermoresponsive behavior. Below LCST, the ether oxygens of the side chains form hydrogen bonds with water. On the other hand, the apolar carbon-carbon backbone causes a competitive hydrophobic effect. This results in a balance between favorable polymer-water interactions and unfavorable polymer-polymer interactions which grants solubilization. By increasing the temperature above LCST, this balance is disrupted as the hydrogen bonds break and hydrophobic polymer-polymer interactions become thermodynamically favored as compared to polymer-water interactions. 1 Therefore, the hydrophobicity of the polymer increases as the temperature increases and this results in aggregation of the polymer chains and phase separation. 6 This also explains why the LCST increases upon increasing the amount of ethylene oxide in the side chain of POEOMA, as more EO units result in an increase in the amount of hydrogen bonds and therefore stronger polymer-water interaction.
At temperatures lower than LCST, the polymer is dissolved in the form of unimers with an R h of around 20 nm. When the temperature reaches LCST, as was explained before, the polymer chains form aggregates and R h suddenly increases to 1300 nm at 32 1C. The size growth continues until R h reaches 1500 nm, due to binding of more PMEO 2 MA chains to the aggregate. The aggregate size then starts to decrease while more and more water molecules are expelled and PMEO 2 MA chains get dehydrated and as a result, the aggregates slightly shrink. It should also be noted that there is no size change observed for PMEO 2 MA before LCST, proving that the coil of PMEO 2 MA does not collapse (mainly by the distortion of backbones) into a crumpled structure at low temperatures. This is totally different from PNIPAM which shows a precontraction of individual polymer chains before the phase transition. 3, 68 It is also obvious from Fig. 5(a) that there is a hysteresis in the heating and cooling cycle of the solubility behavior of PMEO 2 MA, which is due to the small delay in the dissolution of large precipitated globular particles. This is attributed to the procedure of DLS measurements which excludes any type of stirring while measuring and makes it more difficult for the large globules to dissolve fast. However, the hysteresis according to the literature is still much less than for PNIPAM that is assigned as the golden standard of temperature responsive polymers. 1, 3 Wu and coworkers explain the large hysteresis in the solution behavior of PNIPAM as a result of the intramolecular and intermolecular NHÁ Á ÁOQC hydrogen bonding interactions that are formed in the collapsed state. These strong hydrogen bonds hinder the rehydration of PNIPAM during the cooling process and result in a pronounced hysteresis. 69 In contrast, a reversible dehydration is observed for POEOMAs due to the lack of strong H-bond donors in the molecular structure of these polymers and as a result, there is no possibility of stabilizing H-bond formation in the collapsed state. 1 For comparing the solubility behavior of random and gradient copolymers MEO 2 MA and OEOMA both copolymers are chosen to have similar molecular weight and dispersity index, as the LCST shows a slight decrease upon increasing the molecular weight. 6 As shown in Fig. 5(b) , the LCST for the random copolymer (50.7 1C) is almost 15 1C higher than that for the gradient copolymer (36.6 1C). Around 8 1C hysteresis is observable for the gradient copolymer like in the case of the PMEO 2 MA homopolymer. But it is less (5 1C) for the random copolymer. The behaviors of gradient and random copolymers also differ distinguishably above LCST. Despite the random copolymer which shows a large broad transition at normalized scattering intensities (4.7 Â 10 À5 to 1.6 Â 10 À3 a.u.) and hydrodynamic radii (20-1280 nm), the change in gradient copolymers (I: 2.7 Â 10 À5 to 5.2 Â 10 À4 a.u., R h : 24-292 nm) is rather sharp but with less increase in the amount. This shows the formation of micelles rather than globular aggregates in terms of gradient copolymers which are held in solution by the hydrophilic OEOMA segments that are not yet aggregated. 6 As mentioned before, there are no strong intermolecular hydrogen bonding interactions between polymer chains. Therefore, the phase transition occurs mainly because of the multiple chain aggregation without a precontraction process of individual polymer chains. Moreover, the self-aggregation process of P(MEO 2 MA-co-OEGMA) is mainly dominated or driven by the conformation changes of oxyethylene side chains, which collapse first to get close to the hydrophobic backbones and then distort to expose hydrophilic ether oxygen groups to the ''outer shell'' of polymer chains as much as possible. 2, 3, 11, 12 According to Sun and Wu, 3 P(MEO 2 MA-co-OEGMA) random copolymers exhibit ''hydrated chains, dehydrated chains, loosely aggregated agglomerates and finally densely aggregated agglomerates'' conformations during the phase transition. As there is no precontraction process before phase transition, the conformation of hydrophobic backbones with the slowest response does not change much and the micelle size remains constant. It should be noted that the cores in the micelles are only physically or loosely cross-linked by hydrogen bond bridges between ether oxygen groups and water molecules. By increasing the temperature above the LCST, due to the increased molecular motion and decreased density, the amount of water molecules which participate in hydrogen bonding decrease or in other words, more water molecules are expelled from micelles. Therefore, the micelles get more densely aggregated resulting in a gradual change as seen in DLS. 3 The case is significantly different for the gradient copolymer based on its phase behavior in water ( Fig. 5(c) ). The change of R h and I are rather sharp than broad and, in terms of the amount, less pronounced than the random copolymer. Above LCST, upon further temperature increase, first R h decreases and then stays constant. This could be attributed to the formation of micelles rather than big agglomerates. Peng et al. reported a similar behavior in the case of poly(MEO 2 MA-co-PEGMA 2080 ) due to the association of the polymer chains as a result of the dehydration while increasing the temperature, followed by a rearrangement process and micelle formation. 14 In the system of P(MEO 2 MA-grad-OEOMA), there are no long PEGMA 2080 side chains to stabilize the micelles in the system. Whereas the dense OEOMA at one end of the polymer chain can help the micelle stabilization to some extent. The decrease in R h is explained by further dehydration and water expelling from the system which results in shrinking of the micelles and decreasing the particle size while the scattering intensity remains constant. This is also to a certain degree similar to the behavior of block copolymers, 16, 18 but without showing multiple transition temperatures, while micelles cannot stay in the system long enough to reach a second LCST.
The solubility behaviors of several gradient and random copolymers with various comonomer compositions were studied via DLS and the change of hydrodynamic radii and normalized scattering intensities are plotted in Fig. 6 . For simplicity, only the heating cycles are shown. The solubility behavior depends strongly on the copolymer structure and therefore is similar for all gradient copolymers or all random copolymers, in a similar manner to that shown in Fig. 5 . For both gradient and random structures, the LCST increases at a higher portion of OEOMA in the comonomer composition. This change is plotted in Fig. 7 . By increasing the mol% of OEOMA, the LCSTs of gradient and random copolymers were found to be closer to each other. The higher slope of LCST versus temperature for random copolymers shows the higher dependency of LCST to OEOMA's ratio for random copolymers rather than gradient copolymers.
Effect of additives
Effect of anions and cations. Hofmeister discovered and explained the effect of salts on the denaturation of proteins in aqueous solution for the first time. 70, 71 The results of his work are still used as a guide to study the thermodynamics of the effect of salts on macromolecules' solubility. 34, [72] [73] [74] [75] Salts are well-known to have a high impact on the behavior of thermoresponsive polymers in solution. 37 Both the cation and anion in the salt are considered to influence the solubility behavior of the macromolecules. 71 To study the effect of different anions on the solubility behavior of gradient and random copolymers, sodium salts of these anions are used. The order of anions in the Hofmeister series is as follows, with decreasing denaturation ability from left to right. The bold anions are studied in this research. Fig. 8 shows the change of LCST for gradient and random copolymers of MEO 2 MA and OEOMA with 20% OEOMA in their chains in the presence of different salts. The results of DLS measurements (normalized scattering intensity and hydrodynamic radius versus temperature) in the presence of various salts, are plotted in Fig. S8-S24 (ESI †). To make the comparison easier, the concentration of all the salts was set to 0.5 M. Although, generally less amount of salt is present in most of Fig. 6 The change of LCST versus the copolymer composition for gradient (a) and random (b) copolymers with different molar ratio of OEOMA : MEO 2 MA. The molar percentages on the graph show the amount of OEOMA in the copolymer. Fig. 7 The change of LCST versus the copolymer composition for gradient and random copolymer. As the amount of OEOMA in the copolymer increases, the LCSTs of gradient and random copolymer get closer to each other.
the biological systems such as blood plasma, this higher concentration was used as for some of the salts at concentrations lower than 0.5 M, no change was observed in the LCST of the copolymers in water. Surprisingly, there is no distinguishable trend in the behavior of different cations on the LCST for both random and gradient copolymers. All chlorides studied in this work decrease the LCST. The decrease of LCST is almost similar for the various chlorides to the solution of gradient copolymers and is fluctuating for random copolymers.
The effect of anions on the solubility behavior of gradient and random copolymers is in agreement with the Hofmeister series and similar to their effect on the solubility of PNIPAM. 33 F À , Cl À and Br À decrease the LCST and therefore, show a salting-out effect while I À and SCN À increase the LCST and show a salting-in effect. The biggest change in solubility is observed for SO 4 2À which makes the copolymer precipitate immediately after it is added to the solution and therefore, it is not plotted in Fig. 8 . The next maximum change is observed for F À with the most salting-out effect that decreases the LCST around 17.5 1C for the random copolymer and 12.2 1C for the gradient copolymer. The biggest salting-in effect is observed for SCN À which causes an 8.5 1C increase in LCST for the random copolymer and 10 1C increase for the gradient copolymer. The salting-out effect is assumptively related to the high surface charge density of the kosmotropic anions; this increases the surface tension in the inner hydration shell of the polymer, leading also to a relatively rigid and well-ordered anion hydration shell. As a result, the kosmotropic salts show a highly negative hydration entropy. 76 Therefore, in the presence of kosmotropic anions, less water molecules are available to hydrate the polymer and the LSCT decreases. Furthermore, in the presence of salt, the solvent polarity increases which enforces the hydrophobichydrophobic interactions. On the other hand, the salting-in effect is related to the high polarizability of the chaotropic salts which results in less negative hydration entropy. This can partially distribute the rigid cage-like water structure and as a result, more water molecules can hydrate the polymer. Moreover, chaotropic anions can bind directly to the polymer and increase its surface charge and thus its solubility. 37 According to Zhang et al., 33 the change of LCST after adding salt to a polymeric solution could be modeled based on three facts:
1. If the concentration of an inorganic salt is not too high, the surface tension of water at the hydrophobic/aqueous interface changes linearly with salt concentration.
2. At the first hydration shell of a macromolecular solute the polarization of water molecules is also dependent linearly on the salt concentration.
Each of these two effects can be the cause of the polymer precipitation depending on whether the anion is a kosmpotrope or a chaotrope.
3. For the most weakly hydrated anions, enthalpically favorable anion-polymer interactions can result in a salting-in effect.
As a result, the change of LCST by addition of salt could be described by:
T 0 is the LCST with no salt and k is a constant with the unit of temperature/molarity which is proportional to the surface tension or hydration entropy of the anion. B max is the increase in LCST related to anion binding at saturation and K A is the binding constant of the anion to the polymer.
The binding isotherm
is attributed to the direct ion binding to the polymer (third fact) which is considered to be a saturation phenomenon and is relevant just for the chaotropic salts. For kosmotropic salts, the LCST is related linearly to the salt concentration as: Fig. 9 shows the effect of salt concentration of different salts on the LCST of gradient and random copolymers. From these graphs it is visible that the effect of salt concentration on the LCST of gradient copolymers is sharper than for random copolymers. This is especially distinguishable in NaSCN's salting-in effect. The calculated amount of k as well as B max and K A are presented in Table 2 . As also obvious from Fig. 9 , the increase of k for both gradient and random copolymers is in agreement with the order in the Hofmeister series. Moreover, except for SO 4 2À which shows a considerably lower value of k for the random copolymer as compared to the gradient copolymer, for the rest of the anions, k and as a result the effect of anion on the LCST is similar for gradient and random copolymers. Fig. 10 shows the change of LCST for gradient and random copolymer after addition of SDS (anionic surfactant) and CTAB (cationic surfactant). The surfactant concentration is chosen to be lower than or close to the critical micelle concentration (CMC) (B8.1 mM for SDS 77 and B1 mM for CTAB 78, 79 ). In general, addition of a surfactant increases the LCST, due to its effect on stabilizing the formed polymeric micelles or globules in the solution. The surfactant molecules interact with the polymer and anchor on the surface of the formed micelles or globules in solution and increase the repulsion between adjacent polymer-bound micelles. 32 This can also explain the lesser increase of particle size above the LCST when increasing the surfactant concentration ( Fig. S25-S28 , ESI †). As shown in Fig. 10 , LCST increases linearly with increasing surfactant concentration until it reaches the boiling point. This result is completely different from PNIPAM, which shows the abnormal behavior of not precipitating in the presence of SDS until the concentration of SDS reaches the critical aggregation concentration (CAC). 80 The increase in LCST is larger for CTAB than for SDS, which is different from the general trend observed for PNIPAM. [81] [82] [83] For PNIPAM in general, the LCST increases in the order of nonionic o cationic o anionic which is the general surfactant adsorption on the polymer. 32 The reason could be the longer alkyl chain for CTAB which according to the literature can also influence the increase of LCST after addition of surfactant. 82, 84 Although it was mentioned that the effect of ionic structure is more relevant than the length of alkyl chain, this is not in agreement with our observation for POEOMAs.
Effect of surfactant
Effect of ethanol
The change of LCST of the gradient and random copolymers of MEO 2 MA and OEOMA with 20 mol% OEOMA in the presence of ethanol and a cosolvent is plotted in Fig. 11 . The results of DLS measurements (normalized scattering intensity and hydrodynamic radius versus temperature) for gradient and random copolymers in the presence of various amounts of ethanol in aqueous solution, are plotted in Fig. S29 and S30 (ESI †) . The LCST increases with increasing amount of ethanol until the polymer is completely soluble and does not show any LCST below the solvents' boiling point. The change of LCST is exponential for Fig. 9 The effect of salt concentration of different sodium salts on the LCST of random (K) and gradient (') copolymers containing 20 mol% OEOMA measured via DLS in water. All the salts in this study show a salting-out effect except for NaSCN which shows salting-in effect. Random copolymer Gradient copolymer Random copolymer Gradient copolymer Random copolymer Gradient copolymer the random copolymer and linear for the gradient copolymer. This behavior is in agreement with copolymers of similar structure in the literature. 85 Addition of ethanol as a good solvent for POEOMAs increases their solubility. Moreover, the competitive interaction with polymer between water and alcohol enhances the solubility, thus increasing the LCST. No cononsolvency effect (i.e. lower compatibility of the polymer with the solvent at a certain range of solvent composition) is observed for these copolymers in the water-ethanol system in contrast to other temperature responsive polymers like PNIPAM 32, 36, 86, 87 or other thermoresponsive polymers with nitrogen atoms as the source of hydrogen bonding. 38 This can be a result of no preference to form water-ethanol interactions rather than water-polymer or polymer-polymer interactions in this system. It is assumed that due to high interaction of both water and ethanol with the polymer rather than water-ethanol interaction, no hydrophobic hydration of ethanol molecules occurs in this system. According to literature, hydrophobic hydration happens at low fraction of ethanol, when water molecules form a hydration shell around ethanol molecules as a result of strong hydrogen bonds between them and therefore, there is not enough water molecules to hydrate the polymer. By increasing the ethanol fraction, there are no more sufficient water molecules to hydrate all ethanol molecules. As a result, the mobility of ethanol molecules increases and destroys the water network built by hydrogen bonds. At very high concentrations of ethanol, the water molecules form clusters which are surrounded by ethanol molecules. 88, 89 Cononsolvency is also a reason for lower polymer solubility of this type of copolymer at high alcohol concentration and the appearance of a UCST as reported by Roth et al. 40 
Conclusion
Poly[oligo(ethylene glycol)] (POEOMA) based gradient and random copolymers with various compositions were synthesized via semi-batch Cu-based ATRP. The continuous injection of OEOMA to the system is a very straightforward method of force gradient copolymerization to provide optimized sequence control. The solubility behaviors of gradient and random copolymers of MEO 2 MA and OEOMA with various amounts of OEOMA were investigated by DLS. Both copolymers show reversible thermoresponsivity with a small hysteresis that is slightly higher for gradient copolymers compared to random copolymers. Both copolymers undergo the phase transition in one step, but with different mechanisms. While the random copolymer shows a simple coil to globule transition, the gradient copolymer undergoes micelle formation followed by micelle shrinkage as the temperature increases. By increasing the amount of OEOMA in the copolymer composition, the LCST of both gradient and random copolymers increases linearly, and their values tend to converge.
The effect of different additives including various salts, ethanol and surfactants on the solubility behavior of a gradient and a random copolymer was investigated by DLS. The copolymers show different phase transition behavior in the presence of various additives. While the random copolymer shows a broad transition with a vast change in hydrodynamic radius and normalized scattering intensity, the gradient copolymer displays a rather sharp transition but with less changes in hydrodynamic radius and normalized scattering intensity. The effect of anions on the solubility of both copolymers follows the Hofmeister series. Among the anions studied in this work, SO 4 2À , F À , Cl À and Br À show kosmotropic effects while I À and SCN À show chaotropic effects on the solubility of copolymers in pure water. However, there is no distinguishable trend observed for the decrease of LCST in the presence of various cations. The phase transition behavior of both gradient and random copolymers changes from one-step to twostep phase transition in the presence of salts.
Addition of a good solvent as well as an anionic or cationic surfactant increases the LCST of both gradient and random copolymers. While the gradient copolymer shows a linear increase in LCST vs. the amount of ethanol added to the solution, the LCST of the random copolymer changes exponentially. The increase in LCST in the presence of ethanol is attributed to the improvement of polymer's solubility with ethanol as a good solvent for POEMAs which itself is a result of the competitive interaction with polymer between water and ethanol. There is no cononsolvency observed despite the cononsolvency behavior found for other temperature responsive polymers in the presence of ethanol. 38 On the other hand, the addition of surfactants to the aqueous solution of gradient and random copolymers makes the solution more stable by stabilizing the formed micelles and prevention of the aggregation. The latter results in a stable solution regardless of temperature over a certain concentration (depending on the copolymer's structural architecture) of surfactant in the system.
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